Cu corrosion and oxygen reduction. We find that CVD grown hBN reduces the Cu corrosion rate by one order of magnitude compared to bare Cu, suggesting that this ultrathin layer can be employed as an atomically thin corrosion-inhibition coating.
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Hexagonal boron nitride (hBN) is a layered material with high thermal and chemical stability ideal for ultrathin corrosion resistant coatings. Here, we report the corrosion resistance of Cu with hBN grown by chemical vapor deposition (CVD). Cyclic voltammetry measurements reveal that hBN layers inhibit
Cu corrosion and oxygen reduction. We find that CVD grown hBN reduces the Cu corrosion rate by one order of magnitude compared to bare Cu, suggesting that this ultrathin layer can be employed as an atomically thin corrosion-inhibition coating.
Hexagonal boron nitride (hBN) is a layered, wide bandgap material that has attracted much interest in nanoelectronics. In particular, hBN has found use as a high-quality insulating dielectric layer in ultra-high mobility graphene devices, 2-dimensional heterostructures and tunneling devices [1] [2] [3] [4] . Previous work has shown that hBN has high thermal and chemical stability 5, 6 , and monolayer hBN is impermeable to oxygen diffusion even at high temperatures in an oxidizing atmosphere and air 7, 8 . In other studies, the electrochemical analyses reveal that the hBN nanosheet coating (15-20 layers) can increase open circuit potential and suppress the oxidation of the underlying Cu foil 9, 10 . These results together suggest hBN may be suitable as a corrosion inhibiting coating, where high quality, continuous hBN layers without pinholes and tears are required for such an application.
The suitability of an atomic monolayer for inhibiting corrosion has been established in studies of graphene, a material sharing the same layered hexagonal crystal structure as hBN. Graphene layers on Ni and Cu can serve as barriers to electrochemical corrosion in aqueous media 11 . An increase in the resistance to electrochemical degradation exceeding one order of magnitude has been observed in graphene-coated Cu 12 . In another study, the corrosion-inhibiting behavior of single-layer and multilayer graphene was quantitatively investigated 13 , where it was found that Cu foils with a graphene monolayer experience a ~7 fold reduction in corrosion rate as compared to bare Cu. The electrically insulating nature of hBN, in contrast with the semi-metallic nature of graphene, is anticipated to favor hBN as a corrosion inhibiting layer by suppressing electron transfer even in a long term. Recently, the long-term barrier characteristics of hBN and graphene have been investigated theoretically and experimentally by exposing them to an ambient environment for 160 days 14 . We report here quantitative measurements of monolayer hBN as a Cu corrosion inhibitor by use of cyclic voltammetry, Tafel analysis and electrochemical impedance spectroscopy (EIS) in a 0.1 M NaOH solution. We have observed that monolayer hBN grown by chemical vapor deposition (CVD) can protect the underlying Cu substrate from oxidation, reducing the corrosion rate by one order of magnitude.
Results
The hBN monolayers were grown on 25 μ m thick Cu foils at low-pressure (600 mTorr) and high furnace temperature (1000 °C) using a CVD method similar to that previously reported 15 . The precursor was ammonia borane (NH 3 − BH 3 , Sigma Aldrich). Further details concerning hBN growth are provided in the Supplementary Data. Upon the completion of growth, a portion of the CVD grown hBN on Cu samples was directly used in electrochemical measurements and the other portions were characterized by Raman spectroscopy, atomic force microcopy (AFM), optical reflection microscopy and transmission electron microcopy (TEM) and selected-area electron diffraction (SAED).
For the purpose of Raman spectroscopy, CVD grown hBN monolayers were transferred from Cu to a 300 nm thick SiO 2 /Si substrate by a polymer handle method. A Raman Stokes spectrum of a representative sample is shown in Fig. 1a . A single Stokes peak at 1369 cm −1 was observed by fitting to a single Lorentzian peak, in accordance with that reported for monolayer hBN prepared by exfoliation of a single crystal of hBN 16 . Figure 1b displays an optical reflection image of a uniform monolayer transferred to a Si substrate with 300 nm thick SiO 2 for enhanced visible reflection contrast of 2-3% in the visible region [16] . An AFM image of the same sample is shown in Fig. 1c . The AFM image shows that the films were uniform with some PMMA residue originating from the transfer process. The thickness of the hBN layer is less than 0.45 nm, which is slightly larger than the layer spacing of bulk hBN and in good agreement with the expected thickness measured by AFM for monolayer hBN. TEM and SAED was performed on the edge of suspended pristine hBN layers by using a partial etch of the Cu substrate [17] . A bright-field TEM image illustrated in Fig. 1d reveals a continuous and transparent layer and the SAED measurement shown in the inset of Fig. 1d gives the expected hexagonal lattice structure of hBN monolayer.
Electrochemical measurements were conducted with a standard three-electrode configuration in a custom built polytetrafluoroethylene (PTFE) cell filled with a 0.1 M NaOH (Sigma Aldrich) solution at room temperature. A schematic of the PTFE cell is illustrated in Fig. 1e . Two types of samples were measured: bare Cu foils and Cu foils with an hBN monolayer grown directly on the surface by CVD and designated hBN-Cu. In all measurements, the Cu or hBN-Cu foils with a 0.07 cm 2 area were used as the working electrode, a Pt wire was used as a counter electrode and Ag/AgCl was used as a reference electrode. All electrochemical measurements were carried out using a potentiostat/galvanostat with a voltage sweep rate of 20 mV/s.
Cyclic voltammetry (CV) was first used to investigate the surface electrochemistry of the Cu and hBN-Cu samples. Figure 2a illustrates the CV measurements of bare Cu, hBN-Cu and hBN-Cu with a purposefully introduced scratch, in a 0.1 M NaOH electrolyte solution. Two anodic current peaks and two cathodic current peaks were observed for bare Cu due to two Cu redox reactions 17 . The anodic peaks at cell potentials of − 0.3 V and − 0.1 V are due to the forward reactions and the cathodic peaks at − 0.4 V and − 0.75 V are attributed to the reverse reactions. The two principle Cu redox reactions are,
However, no peaks were found for hBN-Cu samples. The anodic and cathodic currents were suppressed by over three orders of magnitude in comparison with bare Cu samples. There were no measureable cathodic or anodic peaks signaling Cu oxidation after 30 consecutive CV sweeps. These results indicate that hBN is effective in protecting Cu from oxidation and isolating the Cu from the electrolytic solution. The same hBN-Cu sample was mechanically scratched to expose bare Cu and the CV measurements were repeated. As shown in Fig. 2a , the anodic and cathodic peaks of Cu reappeared in the hBN-Cu sample with a mechanically scratched surface.
Optical images were taken of the sample surfaces before and after CV measurements. Figure 2b and c show the hBN-Cu sample before and after 30 CV sweeps, respectively. The hBN-Cu surface was unchanged after 30 consecutive CV sweeps. However, the oxidation of Cu was directly observed after 30 CV sweeps in the areas of Cu exposed by a mechanical scratch, as clearly seen in the optical image of Fig. 2d . Notably, the striations in the Cu foil visible in Fig. 2b-d that result from the cold roll manufacturing process of thin foils do not inhibit the formation of a continuous hBN layer over the Cu foils. The CVD hBN forms a conformal layer over the Cu surface. We determined the corrosion rate (CR) for our samples. The corrosion of Cu includes both oxidation and reduction reactions, and the CR is accordingly determined by the kinetics of both anodic and cathodic reactions 18 . For uniform corrosion, the CR is related directly to the corrosion current density, J corr through the simple relation
corr where K = 3272 mm/A·cm·year is the corrosion rate constant, and EW and ρ are the equivalent weight and mass density of the corroding species, respectively. The current density under an electrochemical potential difference V is modeled by the Butler-Volmer equation, in which the kinetics of the electron-transfer reaction are assumed to dominate where V corr is the potential at which the rate of anodic and cathodic processes are equal, and β a and β c are the anodic and cathodic Tafel constants, respectively. A Tafel analysis of the logarithm of current density J versus potential V for both reactions was used to infer the corrosion current J corr. , as shown in Fig. 2e . The intersection of the linear fits to anodic and cathodic branches gives an estimate of J corr = (1.22 ± 0.22) × 10 −8 A/cm 2 for hBN-Cu and J corr = (3.08 ± 0.03) × 10 −7 A/cm 2 for bare Cu. These values are the average values over three samples ± standard deviation. The corrosion current of hBN-Cu is almost one order of magnitude less than that of bare Cu. Noting the mass density ρ = 8.94 g/cm 3 and equivalent weight EW = 31.7 g of Cu, the extracted average CR for Cu was (3.57 ± 0.03) × 10 −3 mm/year, which is in accord with literature values 13, 21 . A CR of (1.41 ± 0.25) × 10 −4 mm/year was obtained for hBN-Cu, which is approximately one order of magnitude less than that of bare Cu. This analysis demonstrates that an hBN monolayer acts as a Cu corrosion inhibitor with better performance than graphene and other corrosion inhibiting layers 12, 22, 23 . This behavior could be a result of insulating nature of hBN which suppresses the electrochemical reactions.
The corrosion inhibition in hBN-Cu was further validated by EIS. The impedance from electrolyte to electrode versus frequency was measured by application of a 10 mV sinusoidal AC potential and a DC potential of 0.1 V versus Ag/AgCl to the working electrode, over a frequency range of 0.1 Hz to 10 kHz. EIS results of bare Cu and hBN-Cu in a 0.1 M NaOH electrolyte under identical experimental condition are presented in Fig. 3 . The most prominent difference between hBN-Cu and Cu is the increased electrochemical impedance of hBN-Cu versus Cu, particularly at low frequencies. A higher impedance at low frequencies is most naturally explained by an increase in charge transfer resistance as a result of the hBN layer. As shown in Fig. 3a and b, the impedance of hBN-Cu and Cu drop as frequency increases. Figure 3b shows a broad phase angle for hBN-Cu which suggests the existence of two overlapped time constants. The electrochemical impedance of graphene coated Cu typically adheres to a Randle-Warburg circuit model 13 . However, the Nyquist plots of both hBN-Cu and Cu samples (Fig. 3c) do not display the expected impedance semicircle at high frequency and the linear region with 45° slope at low frequency. Qualitatively, the impedance drops at high frequency as the capacitive impedance of the electrolyte-electrode interfaces, including the hBN layer itself, become more effective at shunting the charge transfer resistances. A more complex circuit model is required to accurately model the measured EIS results, and further studies are required in this regard.
In conclusion, the results of this investigation show that CVD grown hBN monolayers can serve as corrosion-inhibiting layers. We found that CVD grown hBN reduces the Cu corrosion rate by one order of magnitude compared to bare Cu. The practical adoption of hBN monolayers as atomically thin anti-corrosion coatings entails further development of facile synthesis techniques for large area hBN without any pinholes. Moreover, thorough investigation of pinhole and tear density over areas exceeding 1 cm 2 and further investigations of mechanical stability are required.
Methods
The Cu foils (Alfa Aesar) were washed with warm acetic acid (60 °C) for 15 minutes to remove the oxide layer followed by rinsing with deionized water and isopropanol alcohol (IPA). The cleaned Cu foils were kept in a beaker of IPA for electrochemical measurements (bare Cu sample) as well as for CVD growth. The hBN transfer to a 300 nm thick SiO 2 /Si was done by use of polymethyl methacrylate (MicroChem) handle and etching of Cu in a 0.1 M ammonium persulphate (Sigma Aldrich) solution. Raman spectroscopy (Renishaw inVia) was performed with 514.5 nm laser excitation and grating of 1800 l/mm at a power of 20 mW. TEM was carried out on a JEOL JEM-2100F at 200 kV. AFM image was acquired in air using silicon cantilevers operated in Bruker's ScanAsyst. TEM and SAED were carried out on a JEOL JEM-2100F at 200 kV. All electrochemical measurements were carried out in a PTFE cell by use of an Autolab PGSTAT302N potentiostat with NOVA software version 1.9. The Ag/AgCl was purchased from BASi.
